We performed studies of electron emission from ultrananocrystalline diamond ͑UNCD͒-coated, ungated silicon field emitters as a function of in situ exposure to various gases during current versus voltage and current versus time measurements. The emitter arrays were fabricated by a subtractive tip fabrication process and coated with UNCD films using microwave plasma chemical vapor deposition with a CH 4 /Ar plasma chemistry. The emission characteristics of the coated tip arrays were studied in the diode configuration; using a 2 mm diameter anode with rounded edges to suppress arcing. Significant enhancement of the electron emission was observed, increasing from 35% to 100%, after the emitting surface was exposed to H 2 at pressures in the 10 Ϫ5 and 10 Ϫ4 Torr range. Upon termination of the H 2 exposure, the current decreased to the initial value of 2 A. The emission current subsequently remained stable at 2 A upon continued evacuation down to the base pressure below 10 Ϫ9 Torr. The emission current variation is repeatable with ensuing hydrogen exposure, indicating that the enhancement is due to the hydrogen exposure. Negligible emission current variations are observed at pressures less than 10 Ϫ5 Torr. Exposure to either Ar or N 2 resulted in a reduction of the emission current for ambients of up to 10 Ϫ5 Torr. This effect is reversible. The effect of the investigated gases on the emission characteristics of UNCD-coated Si tip arrays is attributed to a modification of the effective work function at the localized sites from where electrons are being emitted.
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I. INTRODUCTION
A very high electric field must be used to achieve field emission ͑FE͒ from the surface of a material. To enhance the electric field near the surface, the material may be sharpened into a microtip. Materials used for microtips should be able to endure extremely high electrical stresses for fabrication of high aspect ratio features, and have a good thermal conductivity. As a result, Si 1 and refractory metals, such as Mo, 2 are typically used for fabrication of microtips. In practical vacuum microelectronics, or a FE display device, the electron emitters usually operate in the presence of residual gases. Adsorbates can form on the emitting surface during operation and change the surface barrier. Suppression of the emission current and poorer device performance are then usually observed as the vacuum pressure increases.
3 In addition, the electric field near the microtip is high enough to capture ionized residual gases and the resultant ion bombardment of the microtip eventually results in its failure. 4 However, control of the background gas species and/or surface treatment of the emitter can offer the possibility of operational enhancement.
Silicon FEAs coated with ultrananocrystalline diamond ͑UNCD͒ have been reported to emit electrons at fields as low as 2.6 V/m. 5 A low field is advantageous in reducing ion formation and damage from ion bombardment. In addition, diamond is very inert, exhibiting the lowest physical sputtering yield characteristic of carbon, and has a high thermal conductivity. Diamond coating of Si FEAs 6 and individual Mo microtips, 7 and diamondlike-carbon coating of Mo FEAs 8 have recently been reported to enhance the FE current. Here, we report the effects of Ar, N 2 , and H 2 gases on the FE properties of UNCD-coated Si microtips.
II. EXPERIMENT
The device configuration considered for the surface coating of the emitter array with UNCD is a ''bed of nails,'' which is an array of ungated single crystal Si emitters placed in an area of 4 mm 2 with a tip-to-tip spacing of 6 m. The emitters were formed from p-type ͑1-10 ⍀ cm͒ Si ͑100͒ substrates by the subtractive tip fabrication process 9 as seen in Fig. 1 . First, 1000 Å of Cr was deposited on 2000 Å of thermally grown SiO 2 on a Si substrate. Then, 3.0 m disks were patterned in this layered structure using photolithography. Using the chromium and the SiO 2 cap as a mask, the outline of the emitter tip was formed by means of isotropic plasma etching with SF 6 gas. The tips were then oxidation sharpened, as we have previously described elsewhere. 10 The caps were subsequently removed by wet etching. The final a͒ Electronic mail: hunt@ucdavis.edu silicon emission tip is shown in Fig. 1͑e͒ . The typical tip radius of curvature, estimated using scanning electron microscopy ͑SEM͒, averages 15 nm.
The Si tips were then cleaned in 20% HF for 30 s to remove the native oxide and other surface contaminants. Then the tips were seeded for 3 min in a 5 nm diamond powder suspension in ethanol, using the electrophoresis method. 11, 12 Following the seeding procedure, the tip emitters were immediately loaded into a microwave plasma enhanced chemical vapor deposition reactor ͑ASTeX-PD-17͒ for diamond deposition. A mixture of CH 4 and Ar gases were admitted to the deposition chamber through mass flow controllers. The total pressure in the chamber was kept constant at 100 Torr, while the flow rates were 1 and 99 sccm for CH 4 and Ar, respectively. The microwave-input power was 800 W, and the substrate temperature was 800°C. It has been previously demonstrated [11] [12] [13] [14] that these conditions lead to the growth of phase-pure diamond films with equiaxed 2-5 nm grains. The deposition was carried out for 20 min to obtain a diamond film thickness of about 100 nm. FE studies done previously show a substantial reduction in emission turn-on voltage for UNCD diamond-coated tip emitters and a large enhancement in emission current for films within the thickness range of 0.1 m to 2.4 m.
5 Figure 2 shows the SEM images of the uncoated and UNCD-coated silicon FEA. The emitters are uniformly and conformally coated with the UNCD film. The FE characteristics in various gaseous environments were investigated using a computer-controlled currentvoltage (I -V) testing system, as seen in Fig. 3 . The emission current was measured using an anode, 2 mm in diameter, with rounded edges to suppress potential arcing. The anodecathode spacing was determined by using a highmagnification charge coupled device camera with a scale. The vacuum system reaches a base pressure in the high 10 Ϫ10 Torr region. The FE characteristics from the UNCDcoated silicon FEA were studied using in situ exposure to various gas species during operation.
III. RESULTS AND DISCUSSION
In practical applications, the pressure in the system in which the FE cathodes operate can be considerably high ͑it can reach up to 10 Ϫ6 -10 Ϫ4 Torr), and the ambient may contain chemically active and inert gases, such as N 2 , Ar, and H 2 . It is important therefore to study the performance of FEAs at elevated pressures and in the presence of these gases. In this work, we investigated the effects of Ar, N 2 , and H 2 residual gases on the FE properties of UNCD-coated Si FEAs, to quantify the effect of exposure in different ambient pressures and composition. The special case of reactive O 2 exposure has been investigated and is reported elsewhere. 15 The FE measurement technique employed to control, as well as to investigate, the electron emission process, used the setup depicted in Fig. 3 . The anode-cathode distance was kept at 150 m throughout the experiment. The electron emission current was collected at the anode and measured by an electrometer. The gas species were introduced into the chamber ͑base pressure below 10 Ϫ9 Torr) while the emitters were kept at a constant emission current level of 2 A.
As N 2 was first introduced into the system, a continuous decrease in the emission current was measured as the gas pressure increased. A similar trend was found, by other investigators, measuring electron emission in the presence of N 2 from Mo wires coated with diamond. 16 The behavior of the emission current when Ar was introduced into the system also shows a decrease in the emission current as the gas pressure increases. Figures 4͑a͒ and 4͑b͒ illustrate the emission current behavior from the UNCD surface in the presence of Ar and N 2 , respectively. The emission data was collected over a period of 5 h for every pressure range from 10 Ϫ10 to 10 Ϫ5 Torr. In the first 2 h of the experiment, the pressure was allowed to stabilize to the set value. Subsequently, the emission data for the next 2 h of operation were plotted and analyzed. The data recorded in Fig. 4 show the emission current levels at various pressures during these last 2 h of operation. Exposure to Ar and N 2 resulted in a reduction of the emission current by factors of 2 and 4 for an ambient of up to 10 Ϫ5 Torr, respectively. This effect was reversible as the emission current attained its original value of 2 A after the gas was pumped out and the background pressure in the chamber reached the original base value of 8ϫ10 Ϫ10 Torr. We believe one explanation for the effect of Ar and N 2 gas exposure on the emission current is that upon introduction of the gases into the chamber, localized microplasmas are formed in front of the tips resulting in bombardment of the UNCD surface by Ar ϩ or N ϩ ions. This bombardment can lead to ion-induced desorption of hydrogen species on the surface of UNCD, which provides a localized low surface barrier for electron emission. The desorption of the hydrogen species can lead to the electron emission reduction. Upon evacuating Ar/N 2 gas from the chamber, hydrogen from the ambient is readsorbed on the surface of UNCD creating sites for electron emission and resulting in the emission current recovery. Work involving surface analysis for hydrogen using a direct recoil spectroscopy technique developed at Argonne National Laboratory 17 can provide direct evidence for the hydrogen effect proposed herein, and it will be performed in the near future.
Very different behavior was found when high-purity ͑99.999%͒ H 2 was introduced into the system. The emission current remained essentially unchanged when exposing the emitter array to up to 10 Ϫ5 Torr of H 2 . Significant enhancement of the electron emission was observed after the emitting surface was exposed to H 2 at pressures in the 10 Ϫ5 and 10 Ϫ4 Torr range. The initial current of about 2 A increased by a factor of anywhere from 2.7 to 4, followed by a subsequent current decrease to the initial value as the H 2 was being pumped out. The emission current then remained stable at 2 A upon evacuating the hydrogen and returning to the base pressure. The repeatability of the emission current behavior as a function of hydrogen exposure indicates that the effect is due to hydrogen exposure. Figure 5͑a͒ illustrates the emission current behavior from the UNCD surface in the presence of H 2 . Figure 5͑a͒ is a plot of the emission current levels at various pressures. When H 2 was pumped away and the vacuum returned to the background pressure, the emission current decreased to its original value as seen in Figs. 5͑b͒ and 5͑c͒.
Figures 6͑a͒ and 6͑b͒ show the I -V characteristics and the corresponding Fowler-Nordheim ͑F-N͒ plots of the UNCD-coated silicon FEA for different pressures of H 2 . After each exposure, the vacuum system was evacuated to 10 Ϫ9 Torr and FE I -V curves were measured, as shown in Fig. 6͑a͒ . It is seen from Fig. 6͑a͒ that, for the longer exposure to H 2 , there is a significant reduction in the turn-on voltage and an increase in the emission current. In Fig. 6͑b͒ , the FE data are plotted ln(I/V 2 ) versus 1/V to allow comparison with the straight-line behavior predicted by the F-N equation. The F-N plot shows that there is virtually no change in the slope of the straight lines as the exposure increases, and the lines can be considered parallel. Therefore, we conclude that there is no change in the work function or the field-enhancement factor, but the emission uniformity across the array increases. These improvements in the emission across the silicon FEA can be attributed to the increase in the number of emitters contributing to the emission process.
This current behavior suggests a particular effect of hydrogen to the UNCD-emitting surface. Since the current change only occurs at certain pressures, we propose that after H 2 was introduced into the system, a part of it was dissociated or ionized by the electron beam. Polarized hydrogen atoms and ions were attracted back to the diamond-emitting surface and formed a stable dipole layer. Such a layer reduces the surface barrier, which can be attributed to the modification of the effective work function at the localized sites from where electrons are being emitted. The layer can also possibly initiate a negative electron affinity ͑NEA͒ property on a diamond surface. More detailed experimentation is needed to verify such a NEA property of the UNCD surface after the exposure to H 2 ambient. The aforementioned effects FIG. 4 . ͑a͒ Plot of the emission current level from a UNCD-coated silicon emitter array in Ar atmosphere at three different pressures: 1ϫ10 Ϫ7 , 1 ϫ10 Ϫ6 , and 1ϫ10 Ϫ5 Torr. ͑b͒ Plot of the emission current from UNCDcoated silicon emitter array in N 2 atmosphere at three different pressures: 1ϫ10 Ϫ7 , 1ϫ10 Ϫ6 , and 1ϫ10 Ϫ5 Torr. The chamber was allowed to stabilize for 2 h before recording data in the gas ambients.
result in an increase in the number of emitters contributing to the emission process, improving the emission characteristics of the silicon FEA.
IV. CONCLUSION
We report that the FE properties of the UNCD-coated silicon FEA are enhanced with exposure to hydrogen. There is a significant reduction in the turn-on voltage and an increase in the emission current due to the modification of the effective work function at the localized emission sites. This effect increases the emission uniformity over the array by increasing the number of emitters contributing to the total emission current. Exposure to Ar and N 2 results in a reduction of the emission current for an ambient of up to 10 Ϫ5 Torr. This effect was reversible as the emission current was restored to its original value after Ar and N 2 was pumped out and the background pressure in the chamber reached its original value of 8ϫ10 Ϫ10 Torr. This study demonstrates the high-pressure operation of UNCD-coated field emitters, which we believe are valuable to practical applications. FIG 
